Glucagon-like peptide-2 (GLP-2
lowing nutrient ingestion and regulate nutrient absorption and energy homeostasis (2, 3) . The actions of GLP-1 include regulation of gastric emptying, gastric acid secretion, inhibition of food intake and glucagon secretion, and stimulation of glucosedependent insulin secretion and insulin biosynthesis (2) (3) (4) (5) . GLP-1 also promotes expansion of islet mass via stimulation of ␤-cell proliferation and induction of islet neogenesis via increased ductal Pdx-1 expression (6, 7) . Taken together, these actions maintain euglycemia, hence enhancing GLP-1 action represents a potential strategy for the treatment of diabetes mellitus.
GLP-2 exhibits trophic properties in the small and large bowel characterized by expansion of the mucosal epithelium via stimulation of crypt cell proliferation and inhibition of apoptosis (8 -10) . GLP-2 also regulates gastric motility, gastric acid release, intestinal permeability, and intestinal hexose transport, actions independent of its effects on epithelial growth (11) (12) (13) (14) . The intestinotrophic and cytoprotective properties of GLP-2 have been evaluated in the setting of acute intestinal injury, where GLP-2 administration inhibits apoptosis and reduces the severity of mucosal damage in both the small and large intestine (15) (16) (17) (18) .
In the central nervous system (CNS), the glucagon-like peptides are synthesized predominantly in the caudal brainstem and, to a lesser extent, in the hypothalamus (19 -21) . The GLP-1 receptor (GLP-1R) is expressed more widely throughout the CNS (22, 23) , and GLP-1 has been shown to regulate appetite, hypothalamic pituitary function, and the central response to aversive stimulation (24 -29) . Peripheral administration of GLP-1 or the lizard GLP-1 analog exendin-4 also reduces food intake and body weight (30, 31) , suggesting that gut-derived GLP-1 provides signals that influence feeding behavior either directly to the brain or indirectly, likely via vagal afferents.
In contrast to the increasing number of studies describing CNS actions of GLP-1, much less is known about the potential function(s) of GLP-2 in the brain. Experiments using rat hypothalamic and pituitary membranes demonstrated GLP-2-mediated activation of adenylate cyclase (32) . Consistent with these findings, the actions of GLP-2 were subsequently shown to be transduced in a cAMP-dependent manner via a recently cloned GLP-2 receptor (GLP-2R) isolated from hypothalamic and intestinal cDNA libraries (33) . The GLP-2R is expressed in a highly tissue-specific manner predominantly in gut endocrine cells and in the brain (33, 34) . In comparison with GLP-1, little is known about either the expression or function of the GLP-2R in different regions of the CNS.
Both GLP-1-and GLP-2-immunoreactive fiber tracts project from the brainstem to multiple CNS regions, including the hypothalamus, thalamus, cortex, and pituitary (21, 35) . Intracerebroventricular infusion of GLP-2 in rats inhibits food intake (35) , similar to results obtained following intracerebroventricular infusion of GLP-1 (24, 36) . Unexpectedly, the anorectic effects of GLP-2 in rats are completely inhibited by the GLP-1R antagonist exendin-(9 -39) (35) . These findings imply that CNS GLP-2 may exert its effects via the GLP-1R to inhibit food intake, or alternatively, exendin-(9 -39) may also function as a CNS GLP-2R antagonist. Furthermore, although expression of the rat GLP-2R was reported to be restricted to the dorsomedial nucleus of the hypothalamus by in situ hybridization (35) , other studies have reported a more widespread distribution of GLP-2R mRNA transcripts in various regions of the rat CNS (37) . To understand the biological function and mechanisms regulating control of GLP-2R expression in the brain, we have now studied GLP-2R expression and GLP-2 action in the rodent CNS using a combination of immunohistochemical, reverse transcription-polymerase chain reaction (RT-PCR), transgenic, and cell-based analyses.
EXPERIMENTAL PROCEDURES
All animal experiments were approved and carried out strictly in accordance with the Canadian Council on Animal Care guidelines and the Animal Care Committee at the Toronto General Hospital, University Health Network (Toronto, Ontario, Canada). Animals were allowed to acclimatize to the animal care facilities for at least 1 week prior to any experimental procedure.
Characterization of GLP-2R Sequences and Transgene Construction-A genomic clone containing the 5Ј-flanking, 5Ј-untranslated, and coding regions of the murine GLP-2R gene was isolated from a 129SVJ mouse genomic library. To identify additional GLP-2R nucleotide sequences 5Ј to the translation start site (33) , the 5Ј-end of the rat GLP-2R cDNA was generated and characterized using adaptor-modified complementary DNA from rat brain (CLONTECH, Palo Alto, CA) in 5Ј-rapid amplification of cDNA ends (RACE) experiments. Separately, a 1516-base pair (bp) fragment of the mouse GLP-2R gene was subcloned from the mouse genomic library (Incyte Genomics, St. Louis, MO), sequenced, and ligated immediately 5Ј to a cDNA encoding LacZ with a nuclear localization signal (a gift from A. Nagy). The GLP-2R promoterlacZ transgene was gel-purified and used for generation of transgenic mice. In total, eight founder animals were identified by Southern blotting and PCR analysis and mated with non-transgenic mice to determine germ-line transmission of the transgene. Three transgenic founder mice (designated lines 2-4) exhibited germ-line transmission and were used to generate lines for further analysis of transgene expression.
CNS Tissue Dissections-Male Harlan Sprague-Dawley rats (300 -500 g) or GLP-2R promoter-lacZ transgenic mice were killed by CO 2 inhalation and quickly decapitated. The brains were rapidly removed and placed ventral side up on a chilled glass plate. The pituitary glands were also removed and frozen in liquid nitrogen. The amygdala, cerebral cortex, cerebellum, pons/midbrain, and medulla were dissected and frozen in liquid nitrogen. The amygdala was dissected by first producing a 3-mm thick coronal section by making a coronal cut at the optic chiasm and at the posterior edge of the mamillary bodies. A cut connecting the rhinal fissures formed the dorsal boundary of the amygdaloid block, and cuts made continuous with the lateral ventricles to the lateral hypothalamic sulci formed the medial boundaries of the amygdaloid blocks. The cerebral cortex was also taken from this coronal section and consisted primarily of parietal and frontal cortices. The cerebellum was removed, and a coronal cut was made at the posterior edge of the pons. The neural tissue posterior to this cut comprised the medulla, which also contained the anterior-most portion of the spinal cord. The midbrain block, which also included the pons, extended from the posterior edge of the mamillary bodies to the posterior edge of the pons, with the cerebellar and cerebral cortices, hippocampus, and amygdala removed.
RNA Isolation and RT-PCR Analyses-Total RNA was isolated from CNS tissues using Trizol TM reagent (Life Technologies, Inc., Toronto) and from peripheral tissues using a modified guanidinium thiocyanate procedure (38) and dissolved in ribonuclease-free water. RNA integrity was assessed on a 1% (w/v) agarose gel containing formaldehyde and visualized on a UV transilluminator (Fisher, Montreal, Quebec, Canada) using ethidium bromide staining. For RT-PCR experiments, RNA samples were treated with DNase I (Life Technologies, Inc.), primed with random hexamers (Life Technologies, Inc.), and reverse-transcribed with Superscript TM II reverse transcriptase (Life Technologies, Inc.). To control for contamination, reactions were also carried out in the absence of Superscript TM . Following first-strand cDNA synthesis, samples were treated with ribonuclease H (MBI Fermentas, Vilnius, Lithuania) to remove RNA. For subsequent PCR amplification, firststrand cDNA was used as template. Oligonucleotide primer pairs, annealing temperature, and cycle number for PCR amplification were as follows. For the rat GLP-2R, 5Ј-TTGTGAACGGGCGCCAGGAGA-3Ј and 5Ј-GATCTCACTCTCTTCCAGAATCTC-3Ј were annealed at 65°C for 40 cycles; for the mouse GLP-2R, 5Ј-CTGCTGGTTTCCATCAAGC-AA-3Ј and 5Ј-TAGATCTCACTCTCTTCCAGA-3Ј were annealed at 65°C for 30 cycles; for rat glyceraldehyde-3-phosphate dehydrogenase, 5Ј-TCCACCACCCTGTTGCTGTAG-3Ј and 5Ј-GACCACAGTCCATGA-CATCACT-3Ј were annealed at 60°C for 30 cycles; and for the GLP-2R-lacZ transgene, 5Ј-CGCTGATTTGTGTAGTCGGTT-3Ј and 5Ј-CTT-ATTCGCCTTGCAGCACAT-3Ј were annealed at 63°C for 40 cycles. The expected PCR product for the mouse and rat GLP-2R cDNAs is ϳ1.6 kilobases (kb), corresponding to the full-length GLP-2R (33, 34) . The predicted lacZ PCR product is ϳ580 bp; and for rat glyceraldehyde-3-phosphate dehydrogenase, the expected PCR product is ϳ450 bp. To control for nonspecific amplification, PCR reactions were also carried out in the absence of first-strand cDNA. Following amplification, PCR products were separated by gel electrophoresis; transferred onto a nylon membrane (GeneScreen, Life Technologies, Inc.); and hybridized with 1) a 32 P-labeled internal cDNA probe for the rat GLP-2R (33, 34), 2) a 32 P-labeled internal lacZ oligonucleotide (5Ј-TCAGGAAGATCG-CACTCCAGC-3Ј), or 3) a 32 P-labeled internal cDNA probe for rat glyceraldehyde-3-phosphate dehydrogenase (39) . Following hybridization, membranes were washed stringently, and hybridization signals were quantified on a Storm 840 PhosphorImager (Molecular Dynamics, Inc., Sunnyvale, CA) using ImageQuant TM software (Version 5.0, Molecular Dynamics, Inc.).
Immunocytochemistry-Rats or mice were deeply anesthetized following intraperitoneal injections of sodium pentobarbital. Following transcardial perfusion with 0.9% sodium chloride, animals were perfused with 4% neutral buffered Formalin for ϳ15 min. Brains were removed and post-fixed at room temperature for 4 h or overnight at 4°C. Brains were then cryopreserved overnight in a 20% sucrose in phosphate-buffered saline (PBS) gradient at 4°C, frozen slowly in dry ice vapor, and either stored at Ϫ80°C or sectioned immediately at 10 m on a cryostat. All sections were collected and thaw-mounted onto Superfrost Plus slides (Fisher). For detection of ␤-galactosidase-immunopositive cells, slides were incubated for 4 h at 37°C in a 1:8000 dilution of polyclonal anti-␤-galactosidase antiserum (ICN Pharmaceuticals Inc., Costa Mesa, CA). Polyclonal anti-GLP-2R antiserum (1:800) that recognizes the GLP-2R, but not the glucagon, glucose-dependent inhibitory polypeptide, and GLP-1 receptors (34), was a gift from NPS Allelix Corp. (Mississauga, Canada). To control for nonspecific immunopositivity, anti-GLP-2R antiserum was also preabsorbed overnight at 4°C in the presence of recombinant GLP-2R immunogen (34) , and immunocytochemistry studies were carried out with 1) anti-GLP-2R antiserum, 2) preimmune serum, 3) antibody diluent alone, or 4) preabsorbed anti-GLP-2R antiserum. All slides were counterstained in hematoxylin.
Histochemical Analysis-Brains were isolated from mice and placed in 2% paraformaldehyde and 0.2% glutaraldehyde in PBS fixative for 1 h at room temperature. Sixty minutes later, brains were rinsed in PBS and transferred to 4°C in 15% sucrose in PBS solution for 4 h to overnight and subsequently to 30% sucrose in PBS solution for 4 h to overnight for cryopreservation. Brains were then frozen in dry ice vapor and stored at Ϫ80°C. Tissues were sectioned at 10 m in a Ϫ25-30°C cryostat and subsequently thaw-mounted and stored at Ϫ80°C. Prior to staining with 5-bromo-4-chloro-3-indolyl ␤-D-galactopyranoside (X-gal; Bioshop Canada, Burlington, Ontario), slides were slowly warmed to room temperature and rinsed in PBS. Slides were treated with X-gal solution overnight at 37°C. Following treatment with X-gal solution, slides were rinsed in PBS, counterstained with eosin, and dehydrated in an ethanol series.
Microscopy-All slides were visualized and captured using a JVC video camera with a 1 ⁄2-inch chip device adapted (0.63 ϫ c-mount) to a light microscope (Leica Ltd., Cambridge, United Kingdom). Magnification is reported as the objective magnification multiplied by the c-mount magnification multiplied by the electronic magnification (electronic magnification was corrected for by dividing the diagonal of the image captured by the camera chip size).
Peptides (42) , and the levels of intracellular cAMP were assayed following exposure to individual peptides in Dulbecco's modified Eagle's medium containing 100 M 3-isobutyl-1-methylxanthine as reported (41, 42) . Cells were incubated for 5 min with exendin-(9 -39) or medium alone before addition of an agonist (GLP-1, h[Gly 2 ]GLP-2, or exendin-4). The treated cells were then incubated at 37°C for 10 min. Absolute ethanol (Ϫ20°C) was added to terminate the reaction, and the plates were stored at Ϫ80°C until the cell extracts were collected (2-4 h later). Forskolin was used as a positive control. cAMP radioimmunoassays (Biomedical Technologies, Inc., Stoughton, MA) were performed on dried aliquots of extract, and data were normalized to cAMP/well. All treatments were performed in triplicate or quadruplicate, and the data are expressed as means Ϯ SD. EC 50 values were calculated using Prism Version 3.00 (GraphPAD Software Inc., San Diego, CA).
Intracerebroventricular Peptide Injections and Food Intake-For intracerebroventricular injections, adult male CD1 mice randomized into multiple experimental groups were anesthetized by inhalation of methoxyflurane (Metophane, Janssen, Toronto) (43) . Following intracerebroventricular injections of equal volumes of saline or peptide dissolved in saline, animals were allowed to recover for ϳ15 min until the observation of a righting response. Mice were then weighed and given a pre-measured quantity of rodent chow, and food intake was quantified at 1, 2, 4, and 22 h. The accuracy of intracerebroventricular injection was verified at autopsy analysis by detection of bromphenol dye in the lateral ventricles of selected animals. Animals were injected with peptide either at 7 p.m. (for dark-phase feeding studies) or at 10 a.m. following an overnight fast of 15 h (for fasting studies).
RESULTS
The observation that GLP-2R RNA transcripts were restricted to the dorsomedial nucleus of the rat hypothalamus as demonstrated by in situ hybridization (35) differed from recent reports of more widespread expression of the GLP-2R in multiple regions of the CNS (37) . We detected GLP-2R mRNA transcripts not only in the rat hypothalamus, but also in the brainstem by RT-PCR (34) . Accordingly, we reexamined the localization of rodent CNS GLP-2R expression using a combination of RT-PCR and immunohistochemistry analyses. Furthermore, we compared the localization of endogenous GLP-2R mRNA transcripts and GLP-2R immunopositivity with the regions of LacZ expression in tissues isolated from GLP-2R promoter-lacZ transgenic mice.
To identify DNA regulatory sequences important for control of CNS GLP-2R expression, we focused initially on characterization of the 5Ј-end of the GLP-2R mRNA transcript. As GLP-2R cDNA sequences upstream of the translation start site had not been previously reported (33), we carried out 5Ј-RACE experiments using cDNA template from rat brain to identify 5Ј-untranslated sequences of the rat GLP-2R. Multiple RACE reaction products were consistently obtained that were ϳ500 bp in size. These products were cloned, and sequence analysis demonstrated the presence of previously identified rat GLP-2R cDNA sequences (33) and an additional 104 nucleotides of rat GLP-2R 5Ј-untranslated sequences upstream of the previously reported ATG codon (Fig. 1a) .
Using a 213-bp ApaI/SmaI rat cDNA fragment containing 5Ј-coding sequences as a probe, we isolated an ϳ2-kb subclone from a bacterial artificial chromosome clone derived from a mouse genomic library. The DNA sequences of the mouse GLP-2R genomic subclone were aligned with the known rat GLP-2R cDNA sequence (33) and with human GLP-2R genomic sequence we identified in the GenBank TM /EBI Data Bank, as shown in Fig. 1b . The rat and mouse sequences exhibited 96% identity over the first 104 bp 5Ј to the initiator ATG codon (rat); the mouse and human GLP-2R cDNAs exhibited 76% identity over this same region. Whereas the rat and human GLP-2R sequences contained an upstream ATG translation initiation site that would give rise to a GLP-2R protein containing an extra 41 amino acids at the N terminus, a more distal ATG initiation codon was identified in the mouse (Fig. 1b) . Nevertheless, transfection studies using a rat GLP-2R cDNA that initiates translation from the downstream rat ATG codon corresponding to the position of the mouse ATG codon gives rise to a functional GLP-2R (33, 42) . Hence, the biological significance of the additional 41 amino acids predicted to be present in the rat and human (but not the mouse) GLP-2R sequences remains unclear.
Using the mouse GLP-2R genomic sequences, we identified genomic sequences in the GenBank TM /EBI Data Bank that shared 98% identity over 3103 nucleotides with our murine GLP-2R genomic subclone isolated from BAC DNA. Analysis of the murine GLP-2R genomic sequence in GenBank TM /EBI also demonstrated the presence of a single translation initiation codon in the murine gene.
As the glucagon, GLP-1, and GLP-2 receptors are related members of a G protein-coupled receptor superfamily (44), we compared the sequences of the 5Ј-untranslated and 5Ј-flanking regions of these three receptors. We did not find significant similarity using base pair matching over 5Ј-untranslated or putative promoter regions. No putative TATA or CAAT box sequences were identified in the mouse GLP-2R genomic sequences immediately 5Ј to the end of the putative 5Ј-untranslated region. Computer analyses identified several potential transcription factor recognition sites (TFSEARCH Version 1.3) for CdxA, GATA-1, nuclear factor-B, and Sp1 as indicated in Fig. 1b . Comparison of the 5Ј-flanking regions in the mouse and human GLP-2R genes revealed 70% identity over the first 200 nucleotides 5Ј to the start of transcription; however, sequence similarity diverged 5Ј to this region.
Although the glucagon and GLP-1 receptor promoters have been characterized in cell transfection experiments in vitro (45) (46) (47) (48) , there is no information available regarding the transcriptional regulation of the genes encoding the glucagon, GLP-1, and GLP-2 receptors in vivo. To identify GLP-2R regulatory sequences that direct GLP-2R gene transcription to various regions of the CNS, we ligated an ϳ1.5-kb fragment of the murine GLP-2R gene containing 5Ј-flanking and 5Ј-untranslated sequences upstream of the lacZ cDNA (Fig. 1c) and generated several lines of GLP-2R promoter-lacZ transgenic mice. We then assessed and compared expression of the endogenous murine GLP-2R gene with expression of the lacZ transgene in different regions of the murine CNS.
Consistent with the highly tissue-specific expression of the endogenous rat and human GLP-2Rs in the gastrointestinal tract (33, 34) , both lacZ transgene and endogenous GLP-2R mRNA transcripts were detected in the stomach (data not shown) and in both the small and large bowel (Fig. 2a) . Similarly, we observed GLP-2R transcripts in several regions of the murine CNS (Fig. 2b) . Endogenous GLP-2R mRNA and transgene-derived lacZ transcripts were identified in the cerebellum, medulla, pons, amygdala, and cerebral cortex of GLP-2R promoter-lacZ mice (Fig. 2b) . In contrast, GLP-2R mRNA transcripts, but not lacZ mRNA transcripts, were detected in the pituitary gland.
The results of previous studies localized rat and human GLP-2R transcripts and immunoreactive protein principally to the gastrointestinal tract and CNS (33, 34) . Consistent with the tissue specificity of endogenous GLP-2R expression, the GLP-2R promoter-lacZ transgene was not expressed in the liver, kidney, spleen, or heart of transgenic mice (Fig. 2c) . The specificity of transgene expression was further illustrated by demonstrating that tissues that did not contain transgenederived mRNA transcripts also did not contain LacZ ϩ cell types (Fig. 2d) . Furthermore, additional evidence for the regional specificity of transgene expression in the CNS derives from analysis of numerous coronal sections of frozen brain tissue from GLP-2R promoter-lacZ transgenic mice, the majority of which did not exhibit any ␤-galactosidase-like immunopositivity when incubated with a ␤-galactosidase-specific antiserum (Fig. 2d and data not shown) . Similarly, the majority of coronal sections of frozen brain tissue incubated with anti-GLP-2R antiserum were also immunonegative.
To localize specific regions and cell types within the rat and mouse CNS that express the endogenous GLP-2R, we used immunopurified antiserum directed against the carboxyl-terminal region of the rat GLP-2R. The specificity of this antiserum has been previously characterized (34) . The antiserum specifically recognizes the GLP-2R as a single major product of ϳ72 kDa on Western blot analysis and does not exhibit crossreactivity against the related glucagon and GLP-1 receptors as demonstrated by the lack of immunopositivity in histological sections of rat liver or pancreas incubated with the anti-GLP-2R antiserum (34) . GLP-2R-immunoreactive cells were observed in the Purkinje layer of the rat cerebellum, with no staining detected in other cell types throughout the cerebellum (Fig. 3a) . GLP-2R-immunoreactive neurons were also detected in the Purkinje cell layer of the murine cerebellum (Fig. 3c) . In contrast, adjacent sections incubated with preimmune serum (Fig. 3b) or without primary antibody did not exhibit immunopositivity in the Purkinje cell layer. Similarly, preabsorption Analysis of transgene expression in GLP-2R promoter-lacZ transgenic mice demonstrated nuclear LacZ immunopositivity in the Purkinje cell layer of the cerebellum, consistent with the presence of a nuclear localization signal in the modified lacZ coding sequence (Fig. 3e) . In contrast, LacZ ϩ cells were not detected in the cerebellums of age-matched non-transgenic littermate controls (Fig. 3f) . Purkinje neurons exhibiting positivity for the native GLP-2R in rat and mouse cerebellums detected with antiserum against the endogenous GLP-2R were comparatively more abundant than the number of LacZ-immunopositive Purkinje neurons identified in the transgenic mouse cerebellum.
As both GLP-2R and GLP-2R promoter-lacZ RNA transcripts were detected in extrahypothalamic regions of the rat CNS (Fig. 2b) , we next examined these regions for GLP-2R immunoreactivity. GLP-2R-immunoreactive cells were detected in the hippocampus and dentate gyrus of the rat CNS (Fig. 4, a-c) . Numerous GLP-2R-immunoreactive cells were observed in the pyramidal cell layer of the rostral rat hippocampus, including the CA1, CA2, and CA3 fields; in the caudal hippocampus, GLP-2R ϩ cells were also present in the CA3 fields. GLP-2R-immunoreactive staining was also observed in scattered cell types located in the granular layer and polymorphic hilus region of the rat dentate gyrus. In contrast, preabsorption of antiserum with recombinant GLP-2R or the use of preimmune antiserum did not result in detectable GLP-2R immunopositivity in adjacent serial sections (data not shown).
Following detection of GLP-2R immunopositivity in the rat hippocampus and dentate gyrus, we examined these same structures in the CNS of GLP-2R promoter-lacZ transgenic mice. Nuclear LacZ immunopositivity was clearly visible within similar cell types (that also exhibited endogenous GLP-2R immunoreactivity) positioned in the hippocampus and dentate gyrus in GLP-2R promoter-lacZ transgenic mice (Fig.  4, d-h ). Corresponding age-matched littermate non-transgenic control sections did not exhibit LacZ immunopositivity under identical staining conditions. In contrast to the extent of endogenous GLP-2R immunoreactivity observed in the pyramidal layers of the rat hippocampus, LacZ-immunopositive cells in the CA1, CA2, and CA3 fields of the transgenic hippocampus were less abundant, with the highest density of positive cells observed in the CA3 field (Fig. 4h) . Nevertheless, ␤-galactosidase-positive cells were dense in the granular layer of the transgenic dentate gyrus (Fig. 4g) . Cells with nuclear ␤-galactosidase staining were also observed in the polymorphic hilus region of the transgenic dentate gyrus, consistent with the distribution of GLP-2R ϩ cells observed in the rat dentate gyrus using anti-GLP-2R antiserum.
Examination of the CNS in GLP-2R promoter-lacZ transgenic mice revealed additional structures that exhibited intense ␤-galactosidase activity. The amygdala contained a number of LacZ ϩ cells detected bihemispherically by both histochemical and immunocytochemical staining (Fig. 5, a-c) . Positive cell staining was principally restricted to the posterolateral and posteromedial cortical amygdaloid nuclei and to the amygdalohippocampal area. The lateral and medial amygdaloid nuclei did not contain positive staining.
The results of previous GLP-2R in situ hybridization studies demonstrated restricted hypothalamic GLP-2R expression exclusively in the caudal part of the rat dorsomedial nucleus of the hypothalamus (35) . Immunocytochemical analysis of the transgenic hypothalamus revealed occasional rare LacZ ϩ nuclei of the dorsomedial nucleus (Fig. 5d ). A few rare LacZ ϩ nuclei were also detected throughout the ventromedial hypothalamic nucleus in transgenic mice (Fig. 5, e and f) .
Neural populations exhibiting nuclear ␤-galactosidase activity were also localized to the thalamic nuclei of GLP-2R promoter-lacZ transgenic mice (Fig. 5, g and h) . Nuclear LacZ immunopositivity was observed in select cells in the mediodorsal thalamic nucleus and in the ventrolateral and dorsomedial parts of the laterodorsal thalamic nucleus. Immunopositivity was also observed in the ventrolateral geniculate nucleus, with the majority of positive cells in the parvocellular regions (Fig.  5i) . A few immunopositive cells were identified in the caudate putamen, dorsal fornix, and septofimbrial nucleus of GLP-2R promoter-lacZ mice. Nuclear ␤-galactosidase positivity was also detected in cells at the base of the corpus callosum in the ventral endopiriform nucleus and in the piriform cortex (data not shown). A summary of the sites of endogenous GLP-2R and GLP-2R promoter-lacZ transgene expression is shown in Table I .
As intracerebroventricular GLP-2 administration inhibits dark-phase feeding in rats (35), we compared the effects of a dipeptidyl peptidase IV-resistant GLP-2 analog, h[Gly 2 ]GLP-2 (40) , with the GLP-1 analog exendin-4 on feeding after a prolonged fast or during dark-phase feeding in mice. The GLP-1 analog exendin-4, but not h[Gly 2 ]GLP-2, inhibited food intake in fasted mice (Fig. 6a) . In contrast, both exendin-4 and h[Gly 2 ]GLP-2 significantly inhibited dark-phase food intake (Fig. 6b) , although the inhibitory effects of exendin-4 were significantly more potent than those of the GLP-2 analog. Similarly, whereas the inhibitory effects of exendin-4 were sustained over 24 Fig. 43 ; that in f correspond approximately to the coordinates in Fig. 53 ; and that in h correspond approximately to the coordinates in Fig. 59 . H, hilus region; cp, basal cerebral peduncle.
intake were transient and not detectable after Ͼ4 h (data not shown).
The effects of GLP-2 on food intake in rats were completely blocked by the GLP-1R antagonist exendin-(9 -39), suggesting that exendin-(9 -39) might function as a GLP-2 antagonist in vivo (35) . Remarkably, the inhibitory effects of intracerebroventricular h[Gly 2 ]GLP-2 on food intake in wild-type mice were significantly more pronounced in the presence of co-administered exendin-(9 -39) at multiple time intervals (Fig. 6c) , including the first hour. In contrast, in the absence of exendin-(9 -39), intracerebroventricular h[Gly 2 ]GLP-2 did not inhibit food intake in the first hour after peptide injection (Fig. 6, b and  c) . Furthermore, as little as 0.05 g of exendin-(9 -39) was sufficient for significant potentiation of the anorectic effects of h[Gly 2 ]GLP-2 on the inhibition of dark-phase food intake at the 1-2-h time point (Fig. 6d) .
The demonstration that the GLP-1R antagonist exendin-(9 -39) significantly enhanced the anorectic effect of GLP-2 in wild-type mice implied a role for GLP-1R signaling in the regulation of CNS GLP-2 action. Accordingly, we next examined the effects of intracerebroventricular h[Gly 2 ]GLP-2 in mice with complete genetic disruption of GLP-1R signaling (43) . Remarkably, GLP-1R Ϫ/Ϫ mice exhibited a significantly greater sensitivity to the inhibitory actions of the GLP-2 analog on food intake, as can clearly be seen at the 0 -1-and 2-4-h time points, compared with the anorectic effects of an identical amount of intracerebroventricular h[Gly 2 ]GLP-2 administered to wild-type control mice (Fig. 6e) . 
TABLE I Analysis of endogenous GLP-2R and GLP-2R promoter-lacZ transgene expression in rodent brain, bowel, and peripheral tissues
Endogenous GLP-2R and GLP-2R promoter-lacZ transgene expression was examined in rodent brain, gastrointestinal tract, and peripheral tissues using a combination of RT-PCR and immunocytochemistry analyses. Analysis of 1.5-kb GLP-2R promoter-lacZ transgene expression in brain tissues was performed in three independent transgenic lines using X-gal histochemical analysis. Transgene expression in gastrointestinal tissues was also performed in all three independent transgenic lines using RT-PCR analysis. Transgene expression was observed in the amygdala, hippocampus, and dentate gyrus by histochemistry in all three lines. Immunocytochemistry for ␤-galactosidase was used to analyze in more detail the cellular localization of CNS transgene expression in one line of GLP-2R promoter-lacZ transgenic mice. PT, pituitary; AM, amygdala; HC, hippocampus; DG, dentate gyrus; HY, hypothalamus; P, pons; MD, medulla; CX, cortex; CB, cerebellum; ST, stomach; DU, duodenum; JE, jejunum; IL, ileum; CL, colon; LV, liver; KD, kidney; LG, lung; SP, spleen; HT, heart. ϩ, expression; Ϫ, lack of expression.
Brain
Bowel Peripheral tissues
As the GLP-2-mediated inhibition of food intake is blocked by the GLP-1R antagonist exendin-(9 -39) in rats (35), we examined whether exendin-(9 -39) functions as a rat GLP-2R antagonist using cells expressing the cloned rat GLP-2R in vitro. Although h[Gly 2 ]GLP-2 increased cAMP accumulation in a dosedependent manner in BHK-GLP-2R cells, increasing amounts of exendin-(9 -39) from 50 to 1000 nM had no effect on h[Gly 2 ]GLP-2-stimulated cAMP formation (Fig. 7) . Exendin-(9 -39) alone did not stimulate cAMP accumulation in BHK-GLP-2R cells (data not shown). Furthermore, the GLP-2R responded specifically to h[Gly 2 ]GLP-2, as no cAMP accumulation was detected following incubation of BHK-GLP-2R cells with GLP-1 or exendin-4 (Fig. 7a) . In contrast, exendin-(9 -39) decreased GLP-1-stimulated cAMP accumulation in a concentration-dependent manner in BHK-GLP-1R cells (Fig. 7b) , consistent with its known actions as a GLP-1R antagonist. Furthermore, the actions of h[Gly 2 ]GLP-2 were specific for cells expressing the GLP-2R, as h[Gly 2 ]GLP-2 had no effect on cAMP accumulation in BHK-GLP-1R cells (Fig. 7) . DISCUSSION Several lines of evidence support a role for glucagon-like peptides in the control of food intake. Intracerebroventricular administration of GLP-1 agonists inhibits food intake in mice and rats (24, 36, 43) , whereas peripheral administration of GLP-1 reduces appetite and size of meal ingestion in human subjects (30, 49) . Furthermore, intracerebroventricular administration of the GLP-1R antagonist exendin-(9 -39) increases food intake in short-term studies (24) and promotes weight gain in rats after 6 days of intracerebroventricular administration in vivo (50) . Nevertheless, GLP-1R Ϫ/Ϫ mice are not obese, do not eat more than wild-type mice, and fail to develop obesity even following several months of high-fat feeding (43, 51) . Hence, it remains unclear whether the anorectic effects of intracerebroventricular GLP-1 represent a highly specific effect on CNS feeding centers or a nonspecific effect on CNS nuclei that mediate the response to aversive stimulation (29, 52-55). The available evidence suggests that although intra- cerebroventricular GLP-1 transiently inhibits food intake (52), GLP-1 does not appear to be an essential regulator of long-term body weight homeostasis in vivo.
The report that intracerebroventricular injection of GLP-2 inhibits food intake in rats (35) provides new information about a possible role for GLP-2 in the CNS. Although our data demonstrate that GLP-2 transiently inhibits dark-phase feeding in mice, in contrast to the inhibition of food intake observed with exendin-4, we did not detect significant effects of GLP-2 on inhibition of food intake in mice after a 15-h fast. Furthermore, our data clearly show that the effect of GLP-2 on dark-phase food intake is not blocked, but is significantly enhanced in wild-type mice in the presence of exendin-(9 -39), a GLP-1R antagonist (56) .
Consistent with the results obtained in wild-type mice following GLP-1R blockade with exendin-(9 -39), GLP-2 more potently inhibited food intake in GLP-1R Ϫ/Ϫ mice compared with wild-type control mice. Hence, our data clearly demonstrate that in contrast to results obtained in rats (35) , the effects of GLP-2 on food intake in mice are not attenuated by disruption of GLP-1R signaling. Moreover, transient blockade of the GLP-1R with exendin-(9 -39) or complete disruption of GLP-1R signaling in GLP-1R Ϫ/Ϫ mice was associated with enhanced sensitivity to the inhibitory response to GLP-2. These findings provide new evidence for potential functional cross-talk between GLP-1R and GLP-2R signaling networks regulating food intake in vivo, as illustrated in Fig. 8 . Whether GLP-1R signaling modulates GLP-2R action directly through intercellular connections or more indirectly through intervening interneuronal connections or by other mechanisms and pathways yet to be described remains to be determined. Nevertheless, our data strongly implicate the GLP-1R in tonic repression of GLP-2R signaling in the murine CNS.
The finding that the GLP-1R antagonist exendin-(9 -39) eliminates the GLP-2-mediated feeding response in rats (35) implies that exendin-(9 -39) might also be a functional antagonist of GLP-2 action in the CNS. These observations suggest either that exendin-(9 -39) blocks the CNS action of GLP-2 at In the rat CNS, proglucagon mRNA transcripts have been localized primarily in the caudal part of the nucleus of the solitary tract, dorsal and ventral medullae, and olfactory bulb (20, 22) and, to a lesser extent, in the hypothalamus (19) . In contrast, GLP-1R mRNA transcripts and GLP-1-binding sites are more widely distributed throughout the CNS in the olfactory bulb, temporal cortex, hypothalamus, amygdala, hippocampus, preoptic area, thalamus, substantia nigra, parabrachial nuclei, locus ceruleus, nucleus of the solitary tract, and the area postrema (21, 22, 57) . Moreover, GLP-1-immunoreactive tracts originating from the brainstem project to several forebrain nuclei, including the dorsomedial and paraventricular nuclei of the hypothalamus and thalamic and cortical areas (21) . Hence, the available evidence demonstrates both GLP-1R expression and GLP-1-immunoreactive tracts in multiple regions of the CNS, including the hypothalamus, amygdala, hippocampus, thalamus, and multiple hindbrain regions. As GLP-1 and GLP-2 are co-synthesized from a common proglucagon precursor, it seems likely that many of the GLP-1-immunopositive tracts originating from the brainstem also contain GLP-2.
The GLP-2R was originally cloned from intestinal and hypothalamic cDNA libraries (33) . GLP-2R mRNA transcripts were detected in the rat hypothalamus and brainstem by RT-PCR analysis (34) , and GLP-2R expression was exclusively localized to the compact part of the dorsomedial nucleus of the hypothalamus by in situ hybridization (35) . We have now extended these studies in the rat CNS to demonstrate more widespread distribution GLP-2R expression in thalamic, hippocampal, cortical, and hindbrain regions, in addition to the hypothalamic sites of GLP-2R expression. Our studies our consistent with previous reports demonstrating both GLP-1R and GLP-2R expression in the hypothalamus, midbrain, hippocampus, striatum, and cortex (37) , raising the possibility that in the rat CNS, the GLP-1R and GLP-2R are likely expressed in either identical or proximal neural cells in these same brain regions. Furthermore, the demonstrated specificity of the anti-GLP-2R antiserum (34), taken together with the colocalization of endogenous GLP-2R immunoreactivity and nuclear localization of transgenic LacZ expression in multiple CNS regions of the mouse, provides additional evidence supporting a more widespread GLP-2R expression pattern extending beyond the hypothalamus.
The mechanisms regulating expression of the receptors for glucagon, GLP-1, and GLP-2 have not been extensively examined. Although promoter sequences directing expression of the glucagon and GLP-1 receptor sequences have been analyzed in cell-based transfection studies (45, 48) , the DNA regulatory sequences mediating tissue-specific control of these receptor genes in vivo have not yet been identified. Furthermore, our analysis of the 5Ј-ends of the receptor coding regions and the 5Ј-untranslated and 5Ј-flanking region DNA sequences did not reveal significant shared nucleotide identity across the glucagon, GLP-1, and GLP-2 receptors, providing indirect evidence for the evolution of distinct control mechanisms regulating the transcription of each receptor gene. This observation is supported by a recent examination of the evolution of the receptor DNA sequences for the proglucagon-derived peptides (58) , which suggested that these receptors likely evolved independently of each other.
Our results extend the previously reported GLP-2R sequence at the 5Ј-end and identify both the 5Ј-untranslated region and the location of intron 1. Furthermore, we provide functional evidence for the transcriptional activity of DNA regulatory sequences in the mouse GLP-2R 5Ј-flanking region. Our findings demonstrate that an ϳ1.5-kb fragment of the mouse GLP-2R gene containing 5Ј-flanking and 5Ј-untranslated sequences directs transgene expression specifically to the gastrointestinal tract and brain, in agreement with the restricted pattern of tissue-specific expression demonstrated for the endogenous GLP-2R (33, 34) . The identification of potential Sp1-binding sites in the proximal GLP-2R promoter is intriguing in light of studies suggesting the functional importance of Sp1-binding sites for basal GLP-1R transcription in transfection studies in vitro (47) . Furthermore, several studies have demonstrated an important role for both GATA factors and caudal proteins (Fig. 1b) in the regulation of both intestine-and enteroendocrine-specific gene transcription (59 -62) . Hence, future studies examining the potential functional importance of these sites for regulation of GLP-2R gene transcription appear warranted.
The regional and tissue-specific localization of GLP-2R promoter-lacZ expression was highly correlated with the expression of the endogenous murine GLP-2R, with the exception of the pituitary gland and lung. The abundance of cells expressing the endogenous GLP-2R appeared comparatively greater than the number of cells expressing the GLP-2R promoter-lacZ transgene in regions such as the hippocampus and cerebellum. These findings imply that additional DNA regulatory sequences not present in the 1.5-kb GLP-2R 5Ј-flanking region are required to correctly specify transgene expression in all cells and tissues expressing the endogenous GLP-2R. Furthermore, the interpretation of the localization data may be further complicated in that unlike the endogenous GLP-2R, the nuclear LacZ reporter protein would not be transported to sites distal from the neural nuclei that transcribe the GLP-2R promoter in vivo. Nevertheless, the excellent correlation between gastrointestinal tissues and CNS regions expressing both the endogenous GLP-2R and the lacZ transgene suggests that putative regulatory sequences encoded within the first 1.5 kb of the mouse GLP-2R promoter may be useful for future studies directing transgenes to specific GLP-2R ϩ cell populations in the murine CNS and gut.
In the gastrointestinal tract, GLP-1 and GLP-2 exert both overlapping and distinct actions in the regulation of nutrient absorption and glucose homeostasis (2) . Although both GLP-1 and GLP-2 inhibit gastric emptying and gastric acid secretion, the mechanisms underlying the common actions of these peptides have not been delineated. Despite these overlapping actions, however, no previous studies have implicated a role for GLP-1R signaling in the regulation of GLP-2 action in vivo. Our data generated independently using either the GLP-1R antagonist exendin-(9 -39) or GLP-1R Ϫ/Ϫ mice clearly show that blockade or disruption of GLP-1 signaling enhances the sensitivity to GLP-2 action in the murine CNS. Given the overlapping actions and expression patterns of GLP-1 and GLP-2 in peripheral tissues and brain, it seems reasonable to search for additional interactions of GLP-1R and GLP-2R signaling systems in the control of shared physiological actions such as gastric emptying or gastric acid secretion (11, 12) .
Following the initial description of GLP-1 action in the rodent CNS as a satiety factor, multiple additional actions for GLP-1 in the CNS have emerged, including regulation of hypothalamic pituitary function (25, 26, 63, 64) , modulation of the extent of brain injury (65) , and transduction of the CNS response to aversive stimulation (28, 66) . Our data demonstrating expression of the GLP-2R in multiple regions of the rodent CNS are consistent with previous findings demonstrating extensive projections of GLP-1-and GLP-2-immunopositive nerve fibers to comparable regions of the rat brain (21) . Taken together, the available data clearly imply additional potential roles for CNS GLP-2, beyond hypothalamic regulation of food intake, that merit careful analysis in future studies.
